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Abstract. We trialed the collection of blow samples using a waterproof electric multirotor (quadcopter) drone
from two free-ranging dolphin species, the abundant and approachable bottlenose dolphin (Tursiops aduncus)
and the less common and boat shy humpback dolphin (Sousa sahulensis). This drone was fast, maneuverable,
and quiet compared to other drones commonly used in studies of cetaceans and relative to their hearing thresh-
olds. We were successful in collecting blow samples from four individual dolphins (three bottlenose dolphins
and one humpback dolphin) in two groups. The success of obtaining samples was dependent on the individual
dolphin’s activity. We were successful in sampling when dolphins were resting and socializing but found that
socializing dolphins were not predictable in their surfacing and direction and therefore do not recommend
drone sampling socializing dolphins. The suitability and preference of the sampling technique over biopsy sam-
pling is highly dependent on the dolphin activity. We also attempted to extract DNA from the blow samples
with the aim of assessing the feasibility of using blow sampling by drone for population genetic studies. We
were unsuccessful in extracting DNA and recommend that others attempting to sample dolphin blow with a
drone should prioritize collecting a larger volume of blow that may yield adequate concentrations of DNA to
be ampliﬁed. Blow sample volume could potentially be increased by sampling with more absorbent materials.
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INTRODUCTION
Wild marine mammals can be notoriously dif-
ﬁcult to study as they spend most of their time
underwater and out of sight of the observer. Con-
sequently, this can present challenges when
attempting to collect important ecological data
from free-ranging animals. Remotely piloted air-
craft (e.g., drones) are increasingly being used as
the platform of choice to monitor wildlife in
many different circumstances (Linchant et al.
2015, Gonzalez et al. 2016) and have enabled the
collection of data that were previously difﬁcult if
not impossible to collect. In studies of marine
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mammals, drones have been used with thermal
imaging to assess populations (Seymour et al.
2017), determine body condition and identify
individual whales (Dawson et al. 2017, Chris-
tiansen et al. 2018), count dugongs (Hodgson
et al. 2013) and pinnipeds (McIntosh et al. 2018),
acquire photographic images to estimate popula-
tion size (Colefax et al. 2018, Hodgson et al.
2018), record behavior (Goebel et al. 2015, Fiori
et al. 2017, Torres et al. 2018), and collect blow
samples from whales (Pirotta et al. 2017, Domın-
guez-Sanchez et al. 2018). The collection of bio-
logical samples is of particular interest, as drones
are potentially a noninvasive tool with minimal
impact on the animals (Christiansen et al. 2016).
Blow samples collected from cetaceans can be
analyzed for DNA to investigate population
structure (Frere et al. 2010), analyzed for hor-
mones for stress (Hunt et al. 2014, Thompson
et al. 2014) and health (Apprill et al. 2017), and
screened for epizootics, microbiota (Pirotta
et al. 2017), and viruses (Geoghegan et al.
2018). Such studies have been successfully exe-
cuted on large cetaceans such as baleen whales
(Domınguez-Sanchez et al. 2018, Harcourt et al.
2019) as these animals have proven the most
suitable to approach and sample with this
emerging technology. While blow samples col-
lected from dolphins can be suitable for DNA
analysis, samples collected so far have been
from captive or habituated dolphins that could
be approached closely (Frere et al. 2010). Sam-
pling blow from free-ranging dolphins that can-
not be easily and consistently approached
closely remains challenging.
In the last two decades, multiple studies of
population structure of dolphins have relied on
the collection of tissue samples using a PAX-
ARMS (modiﬁed riﬂe with free-ﬂoating biopsy
dart; Kr€utzen et al. 2002), crossbow (Patenaude
and White 1995), stranded or bycaught animals
(Bilgmann et al. 2011), or a biopsy pole for bow-
riding dolphins (Bilgmann et al. 2006). These
methods are poor or unworkable for species that
tend to be difﬁcult to approach closely by boat
such as tropical dolphins, which are often more
elusive (Parra et al. 2002) than other more
approachable species such as bottlenose dolphins
(Tursiops sp.; Wilson et al. 1999). One such eva-
sive species was the focus of this study, the Aus-
tralian humpback dolphin (Sousa sahulensis;
hereafter referred to as humpback dolphin).
While this species has been successfully sampled
using a PAXARMS in Australia, it has taken
many years of intensive effort to acquire sufﬁ-
cient sample sizes for population analyses
(Brown et al. 2014, Parra et al. 2018). Accord-
ingly, a method where the species could be
approached closer but with minimal effect on the
dolphin would be preferable.
This study trialed the feasibility of using a
drone to collect blow samples from free-ranging
dolphins, targeting both bottlenose (Tursiops
aduncus; more abundant and easier to approach)
and humpback dolphins, and then attempted to
extract DNA from the blow samples.
METHODS
Sampling equipment
In May 2018, one week was devoted to locat-
ing both dolphin species by boat in the Dampier
Archipelago, Western Australia, with the aim of
using a drone to collect blow samples from them.
We used a custom-built waterproof 4-motor elec-
tric multirotor (quadcopter), which was fast,
maneuverable, and relatively quiet compared to
other drones used for cetacean research. Given
drone noise is generally a function of disk load-
ing (aircraft mass/swept propeller area), our
rationale was that our custom-built drone pro-
duced less noise because the disk loading
(6.47 kg/m2) was signiﬁcantly less and it was
smaller and lighter than other off-the-shelf
drones used to investigate cetacean hearing
thresholds and behavioral response, that is, DJI
Inspire (9.88 kg/m2) and Swellpro SplashDrone
(7.88 kg/m2; Christiansen et al. 2016, Fettermann
et al. 2019). A sterile petri dish was mounted on
the top and at the front of the drone with a
hinged mechanism that could be opened and
closed remotely. The drone was operated in man-
ual mode (with no GPS or auto-leveling assis-
tance) with a live video feed by a pilot with
extensive experience ﬂying at low altitude over
water and in close proximity to marine mam-
mals. Another video camera (GoPro Hero 4 Ses-
sion, GoPro, San Mateo, California, USA) was
used to record and review the sampling attempts
and conﬁrm the identity of the individual tar-
geted. For comprehensive details on the drone
design, see Pirotta et al. (2017).
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Sampling method
Once a group of dolphins was detected, their
activity was observed before making a decision
as to whether it was suitable to approach with
the drone for a sampling attempt. Activity was
assigned to one of four mutually exclusive types
foraging, traveling, socializing, or resting (Kar-
niski et al. 2015). The decision about whether to
sample depended on whether dolphins spent
enough time at the surface. The drone pilot
would attempt to follow the dolphins at low alti-
tude (<5 m) and swoop to 0.5–1 m above an
individual dolphin at the time of, or immediately
following, an exhalation. Once a sample was col-
lected, the drone returned to the research vessel
and the sample from the petri dish was collected
using the following protocol. The petri dish was
(in order) (1) dry-swabbed with a Rowe Scientiﬁc
cotton buccal swab and (2) rinsed with TE buffer
pH 8.0 to suspend the blow sample, which was
then swabbed multiple times (2–3) until the petri
dish appeared dry. These swabs were then
labeled and stored on dry ice for several days
until they could be processed at the laboratory.
DNA extraction and amplification
Each swab sample (above) was individually
used for DNA extraction with the inclusion of a
human mouth swab sample as an extraction posi-
tive control. All DNA extractions were performed
using the Qiagen QIAamp DNA Investigator Kit
designed speciﬁcally for forensic samples, includ-
ing swabs, and following the manufacturer’s
instructions for cotton or Dacron swabs. It should
be noted that this kit and protocol differs from
Frere et al. (2010). DNA was eluted in 50 lL of
ATE buffer, quantiﬁed using the Qubit dsDNA
Broad-Range Assay Kit on a Qubit 2.0 Fluorime-
ter (Thermo Fisher Scientiﬁc, Waltham, Massa-
chusetts, USA), and visualized via gel
electrophoresis by running 10 lL of DNA extract
on 1.5% agarose gels stained with GelRed (Fisher
Biotech, Wembley, Western Australia, Australia).
To conﬁrm the presence of dolphin DNA in blow
samples, an approximately 600-bp fragment of
the mitochondrial control region (D-Loop) was
ampliﬁed by polymerase chain reaction (PCR)
using previously published primers H00034
(Rosel et al. 1994) and D-Loop (Cunha et al.
2005). Polymerase chain reactions were carried
out in 25 lL reaction containing 19 PCR buffer,
2 lmol/L dNTPs, variable MgCl2, and 1 U Taq
polymerase (Invitrogen, Carlsbad, California,
USA). Thermal cycling conditions were initial
denaturation at 95°C for 3 min, followed by 35 or
40 cycles of 94°C for 30 s, 55°C for 45 s, and 72°C
for 1 min; and a ﬁnal extension step of 72°C for
7 min. We performed PCRs using variable reac-
tion conditions, including adjusting MgCl2 con-
centration (2.5, 3.0, 4.0 mmol/L), adjusting DNA
volume (4, 6, 10 lL), annealing temperature (52–
60°C), and the number of PCR cycles (35, 40). In
all PCRs, we included both a positive (DNA from
Grampus griseus tissue sample that previously
ampliﬁed for the D-Loop primers) and a negative
control. PCRs were visualized by gel elec-
trophoresis as described above.
RESULTS
We undertook 40 drone ﬂights (ranging from
<1 min to a maximum of 12 min) over seven dif-
ferent groups of dolphins (2 bottlenose and 5
humpback; Table 1). The maximum total ﬂight
duration of the drone over a single group was
42.1 min, the average was 23.1 min. On average,
ﬁve attempts (close approach <1 m swoop with
dish open) were made per dolphin group, but a
maximum of 16 attempts was made on one bot-
tlenose dolphin group. Note that there was a
maximum of ﬁve attempts made per ﬂight. We
were successful in obtaining samples from four
individual dolphins, from two different groups,
including three from bottlenose dolphins and
one from a humpback dolphin. Video footage of
a successful sampling attempt can be found in
Video S1. For the majority of drone ﬂights (21 of
40), dolphins were engaged in social activity
(Table 1). For three of the four samples collected,
the dolphin group was resting and one group
was socializing.
DNA extraction was attempted from all four
blow samples. In all cases, DNA concentrations
were too low to be read on the Qubit Fluorimeter
and no DNA was visible when run on agarose
gels, though the extraction positive control (hu-
man buccal swab) produced visible high molecu-
lar weight DNA and DNA concentration was
5.76 ng/lL. PCR ampliﬁcation of the mitochon-
drial D-Loop was unsuccessful for all blow sam-
ples under all tested reaction conditions, that is,
did not result in any visible bands when run on
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agarose gel, but was successful for the positive
DNA control. Unfortunately, no DNA was
detected in any of the four blow samples col-
lected, despite the ampliﬁcation attempts in the
laboratory.
DISCUSSION
To our knowledge, this study is the ﬁrst pub-
lished attempt of using a drone to collect blow
samples from free-ranging dolphins. While we
were successful in obtaining blow samples, we
were unable to extract any genetic information.
There are several possible reasons why no dol-
phin DNA was detected. First, we used the sam-
ples of a single blow at a time; second, the drone
was 0.5–1 m above the dolphin during sample
collection, a difﬁcult altitude to maintain even
for an experienced pilot; and third, dolphins
often begin to exhale, while their blowhole is still
under water making it feasible that we mostly
collected seawater. In contrast, in Frere et al.
(2010), where dolphin blow DNA was success-
fully ampliﬁed, a sample consisted of four to six
blows and was collected just above the blowhole
of a captive dolphin holding its head above the
water surface. Hence, a lower DNA concentra-
tion would be expected in the drone sampling
compared to Frere et al. (2010), but the absence
of any PCR product means that our protocol
requires more work.
Flying the drone <1 m above the surface of the
ocean is difﬁcult, and the risk of hitting the water
is very high, particularly in choppy sea
conditions. The drone itself could be improved
with the installation of a collision-avoidance
capability that automatically maintains a prede-
termined altitude from the water surface, reduc-
ing workload for the pilot and allowing safer
ﬂight at extremely low altitudes. LIDAR, sonar,
and optical ﬂow image processing are suitable
technologies to explore, but all would incur
greater weight, complexity, and cost to the drone.
The additional hardware would need to be
miniaturized, waterproofed, and integrated to
create a ﬂight control system capable of detecting
and avoiding wave crests at speed, presenting
signiﬁcant technical challenges to overcome.
The drone pilot needs to see the dolphin blow
through the drone’s camera feed in order to ﬂy
toward it and take a sample. Relative to larger
cetaceans, dolphin blow is generally close to the
water surface (<1 m), is more transparent, and
disperses almost immediately, unlike whale blow
that tends to hang in the air for a few seconds.
These factors make it harder for the drone pilot,
ﬁrstly to see the blow from the drone camera and
secondly to reach the blow in time to take a sam-
ple, before it disperses. We used a video feed of
600 television lines equivalent to 720 9 480 pix-
els on a seven-inch monitor, but upgrading the
live video camera and downlink on the drone to
a higher resolution version, and also a larger
monitor on the pilot’s handset, would increase
his/her ability to see the blow and therefore col-
lect samples.
Given the close proximity of the sample mate-
rial to the surface of the ocean and the difﬁculties
Table 1. Summary of drone sampling effort divided by dolphin groups.
Date Species Sighting no.
Group
size
Total ﬂight
duration
(h:min:s)
No. of
ﬂights
Blow
samples
collected
Dolphin
group activity
(number of ﬂights
in brackets)
4 May 2018 Humpback 1 2 0:11:30 1 0 Forage (1)
5 May 2018 Humpback 2 2 0:12:00 1 0 Unknown (1)
5 May 2018 Humpback 3 4 0:29:36 4 0 Travel (1) Rest (3)
6 May 2018 Humpback 4 5 0:08:53 2 0 Rest/traveling (1)
Socialize (1)
6 May 2018 Humpback 5 9 0:29:46 5 1 Socialize (5)†
7 May 2018 Bottlenose 6 10 0:42:11 16 3 Rest (6)†
Socialize (5)
Travel (4)
Unknown (1)
7 May 2018 Bottlenose 7 12 0:28:41 11 0 Socialize (10)
Unknown (1)
† Highlights the dolphin group activity when samples were successfully collected.
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this presents to multirotor drones, it may be
valuable to consider alternative types of remotely
operated vehicles (drones), which may be more
suited to the task. Remote-controlled boats,
ground-effect vehicles, or hovercraft ride on the
surface of the water, cannot crash and would
hold a petri dish at the right height but would
likely present more visual and noise disturbance
to the animals and may increase the risk of a
collision.
Another challenge of using drones for popula-
tion genetic studies of dolphins is differentiating
individual dolphins and linking the blow sample
and subsequent DNA to the correct individual.
To minimize our disturbance to dolphins, we
attempted to maintain a distance of >100 m
between the boat where the drone was launched
and the dolphins. Occasionally, the dolphins
approached the boat within 100 m. Such large
distances may be prohibitive to correct photo-
identiﬁcation of individual dolphins being sam-
pled. This may be overcome with high-deﬁnition
images captured of the marks on the dorsal ﬁn
(used to differentiate between individual dol-
phins) from the GoPro video on the drone and
supplemented by high-quality photo-identiﬁca-
tion images from the boat if dolphins approach
close enough. If dolphins are close to each other,
it may prove difﬁcult to sample individuals as
multiple dolphins may be sampled simultane-
ously, which would confound the resulting
genetic information. Nonetheless, based on our
pilot study and the low volume of material
sampled in this study, we would recommend
post hoc identiﬁcation of individual dolphins
and collecting multiple samples.
Our DNA extraction method should have been
suitable for the small amounts of starting mate-
rial expected from blow samples. The QIAamp
DNA Investigator Kit is routinely used in foren-
sic investigations and performs favorably with
other common methods (e.g., Chelex 100; Bogas
et al. 2011, Brownlow et al. 2012, Phillips et al.
2012, Ip et al. 2015). The kit has been validated
for DNA extraction from as little as 0.1 lL of sal-
iva or 0.01 lL of blood (Qiagen 2015). Frere et al.
(2010) used the Qiagen DNeasy Blood and Tissue
Kit with success, and others have used the
PowerBioﬁlm DNA Isolation Kit (Apprill et al.
2017), Quick-DNA (Pirotta et al. 2017); in all
cases, a greater volume of starting material
would have been available, for example, a
greater volume of blow obtained from captive
dolphins (Frere et al. 2010) or from larger ani-
mals (Pirotta et al. 2017). While we anticipate
our DNA extraction methodology was suitable
to detect dolphin DNA if present in the sample,
some improvement to the collection method
could be made to enhance the capture of detect-
able DNA. For example, Frere et al. (2010) have
reported using absorbent ﬁlter papers in the petri
dish to capture DNA in a pilot study; however,
this subsequently inhibited DNA extraction and
PCR ampliﬁcation. Whatman FTA cards (GE
Healthcare, Chicago, Illinois, USA) that are
chemically treated to ﬁx and store nucleic acids
at room temperature may be an appropriate
alternative to enhance DNA capture and subse-
quent extraction from blow samples as they have
been successfully used for DNA extraction from
noninvasive samples of other wildlife (Lucentini
et al. 2006). Using a material such as nylon stock-
ing has also been successful in absorbing ceta-
cean blow and may be worth trialing (Hogg
et al. 2009).
This trial has provided a useful insight into the
approachability of free-ranging dolphins to a
drone and their response to it. The success of
obtaining samples was dependent on the individ-
ual dolphin’s activity. When dolphins were social-
izing, they were not predictable in their surfacing
and direction. This made it very difﬁcult to posi-
tion the drone appropriately so that it would be at
a low enough altitude above a dolphin to capture
blow. The ideal circumstance to capture blow was
to track a dolphin from behind and then swoop
low as the dolphin surfaced within range of the
blow. Nevertheless, the dolphins apparently per-
ceived the drone several times before diving. In
one group of socializing bottlenose dolphins, we
observed a tail slap (typically an aggressive
behavior). As we could not determine whether it
was directed at another dolphin in the group or
the drone, following the group was immediately
terminated and the drone returned to the boat.
No attempt to resample this group was made. On
a separate occasion, an individual in a group of
humpback dolphins was observed to tail slap
twice in conjunction with other surface-active
behaviors, while the drone was <5 m from the
individual and group. However, these behaviors
were observed before and after the drone
 ❖ www.esajournals.org 5 October 2019 ❖ Volume 10(10) ❖ Article e02901
EMERGING TECHNOLOGIES RAUDINO ET AL.
sampling attempts and were deemed directed
toward conspeciﬁcs and not toward the drone.
However, at other times during the trial, dolphins
appeared to avoid the drone by either changing
direction or diving. Consideration should be
given to the disturbance potential of the drones
and the energetic cost this may have on the tar-
geted dolphins (Fettermann et al. 2019).
When dolphins are socializing or foraging, the
directional changes are too frequent and behav-
iors too unpredictable. Additionally, behaviors
such as tail slapping and leaping are more fre-
quent when dolphins are socializing with one
another and it is difﬁcult to discern whether
these behaviors are in response to the presence of
the drone or other dolphins. Furthermore, these
unpredictable surface-active behaviors, when the
drone is at low altitude (<1 m above the water
surface), could potentially result in an injury if
contact occurred between the dolphin and the
drone. We would recommend attempting to sam-
ple the blow of dolphins when they are engaged
in an activity such as traveling or resting. This is
because the dolphins’ movements are generally
more predictable during those activities allowing
the drone pilot to track the dolphins and antici-
pate the best time to sample. Nevertheless, the
duration of sampling should be limited to ensure
disturbance is minimized and short-term and
does not have longer term energetic conse-
quences (Williams et al. 2006).
We had originally set out to explore the possi-
bility of an alternative to the traditional PAX-
ARMS biopsy sampling system to collect DNA
data (Kr€utzen et al. 2002). A recent study sam-
pling Sousa chinensis (similar to S. sahulensis tar-
geted in this study) reported an 18% sampling
success rate using the PAXARMS biopsy sam-
pling system (Liu et al. 2019) much lower than
the 75.8% success rate reported by Kr€utzen et al.
(2002) when sampling Tursiops sp. While using
drones to collect blow samples provides a poten-
tially less invasive sampling alternative to tradi-
tional biopsy approaches, we are now of the view
that the drone method will not necessarily replace
but instead complement biopsy sampling. Each
method has its limitations, and these do differ.
Biopsy sampling is more invasive and is difﬁcult
to employ with dolphins that are wary of vessels
and difﬁcult to approach. Sampling by drone
does not require close approach by the vessel and
is effective where the animals’ movement is rela-
tively predictable at the surface. Factors limiting
the application of drones in sampling dolphin
blow are dolphin speed and maneuverability and
potentially their perception of the drone itself at
low altitudes. For example, when we encountered
socializing groups of humpback dolphins in the
Dampier Archipelago, they were relatively easy
to approach and biopsy. As detailed above, social-
izing dolphins are not conducive to drone sam-
pling and, in this situation, biopsy was the best
tool to sample dolphin DNA. Therefore, adopting
a technique may be circumstantial and discre-
tionary depending on the dolphin activity and
approachability. Poor water quality prevents
biopsy sampling of humpback dolphins in some
locations, for example, Taiwan, because the result-
ing open wounds could compromise the health of
the individuals being sampled (Wang et al. 2008)
and, additionally, health assessments are not pos-
sible as samples of viruses and microbiome can-
not be obtained through biopsy. In both of these
circumstances, drones enable the collection of the
appropriate samples (Geoghegan et al. 2018) and
could potentially beneﬁt particularly small popu-
lations in contaminated waters, which are already
vulnerable to stressors. Nonetheless, research
efforts should be mindful of minimizing the dis-
turbance on dolphins in any attempts to obtain
samples (Hodgson and Koh 2016, Ramos et al.
2018).
ACKNOWLEDGMENTS
Sam Crock, Tom Nagle, Cody Farrell, Marnie Gir-
oud, and Ellece Nicholls were integral to the safety
and success of the survey. All research was conducted
under the Department of Biodiversity, Conservation
and Attractions scientiﬁc license SC001471 and Animal
Ethics permit U10/2015-2018. The drone was operated
by a CASA-certiﬁed operator. This research is funded
by the Chevron-operated Wheatstone LNG Project’s
State Environmental Offsets Program and adminis-
tered by the Department of Biodiversity, Conservation
and Attractions. The Wheatstone Project is a joint ven-
ture between Australian subsidiaries of Chevron,
Kuwait Foreign Petroleum Exploration Company
(KUFPEC), Apache Corporation and Kyushu Electric
Power Company, together with PE Wheatstone Pty
Ltd (part-owned by TEPCO). This project is also sup-
ported by Woodside through the Pluto LNG Environ-
mental Offsets Program.
 ❖ www.esajournals.org 6 October 2019 ❖ Volume 10(10) ❖ Article e02901
EMERGING TECHNOLOGIES RAUDINO ET AL.
LITERATURE CITED
Apprill, A., C. A. Miller, M. J. Moore, J. W. Durban, H.
Fearnbach, and L. G. Barrett-Lennard. 2017. Exten-
sive core microbiome in drone-captured whale
blow supports a framework for health monitoring.
mSystems 2:e00119-00117.
Bilgmann, K., O. J. Grifﬁths, S. J. Allen, and L. M. Mol-
ler. 2006. A biopsy pole system for bow-riding dol-
phins: sampling success, behavioral responses, and
test for sampling bias. Marine Mammal Science
23:218–225.
Bilgmann, K., L. M. Moller, R. G. Harcourt, C. M. Kem-
per, and L. B. Beheregaray. 2011. The use of car-
casses for the analysis of cetacean population
genetic structure: a comparative study in two dol-
phin species. PLOS ONE 6:e20103.
Bogas, V., F. Balsa, M. Carvalho, M. J. Anjos, M. F. Pin-
heiro, and F. Corte-Real. 2011. Comparison of four
DNA extraction methods for forensic application.
Forensic Science International: Genetics Supple-
ment Series 3:e194–e195.
Brown, A. M., A. M. Kopps, S. J. Allen, L. Bejder, B.
Littleford-Colquhoun, G. J. Parra, D. Cagnazzi, D.
Thiele, C. Palmer, and C. H. Frere. 2014. Population
differentiation and hybridisation of Australian
snubﬁn (Orcaella heinsohni) and Indo-Paciﬁc hump-
back (Sousa chinensis) dolphins in North-Western
Australia. PLOS ONE 9:e101427.
Brownlow, R. J., K. E. Dagnall, and C. E. Ames. 2012.
A comparison of DNA collection and retrieval
from two swab types (cotton and nylon ﬂocked
swab) when processed using three QIAGEN
extraction methods. Journal of Forensic Sciences
57:713–717.
Christiansen, F., L. Rojano-Do~nate, P. T. Madsen, and
L. Bejder. 2016. Noise levels of multi-rotor
unmanned aerial vehicles with implications for
potential underwater impacts on marine mammals.
Frontiers in Marine Science 3:1–9.
Christiansen, F., F. Vivier, C. Charlton, R. Ward, A.
Amerson, S. Burnell, and L. Bejder. 2018. Maternal
body size and condition determine calf growth
rates in southern right whales. Marine Ecology
Progress Series 592:267–281.
Colefax, A. P., P. A. Butcher, and B. P. Kelaher. 2018.
The potential for unmanned aerial vehicles (UAVs)
to conduct marine fauna surveys in place of manned
aircraft. ICES Journal of Marine Science 75:1–8.
Cunha, H. A., V. M. F. da Silva, J. Lailson-Brito, M. C.
O. Santos, P. A. C. Flores, A. R. Martin, A. F. Aze-
vedo, A. B. L. Fragoso, R. C. Zanelatto, and A. M.
Sole-Cava. 2005. Riverine and marine ecotypes of
Sotalia dolphins are different species. Marine Biol-
ogy 148:449–457.
Dawson, S. M., M. H. Bowman, E. Leunissen, and P.
Sirguey. 2017. Inexpensive aerial photogrammetry
for studies of whales and large marine animals.
Frontiers in Marine Science 4:1–7.
Domınguez-Sanchez, C. A., K. A. Acevedo-White-
house, and D. Gendron. 2018. Effect of drone-
based blow sampling on blue whale (Balaenoptera
musculus) behavior. Marine Mammal Science
34:841–850.
Fettermann, T., L. Fiori, M. Bader, A. Doshi, D. Breen,
K. A. Stockin, and B. Bollard. 2019. Behaviour reac-
tions of bottlenose dolphins (Tursiops truncatus) to
multirotor unmanned aerial vehicles (UAVs). Sci-
entiﬁc Reports 9:8558.
Fiori, L., A. Doshi, E. Martinez, M. B. Orams, and B.
Bollard-Breen. 2017. The use of unmanned aerial
systems in marine mammal research. Remote Sens-
ing 9:543.
Frere, C. H., E. Krzyszczyk, E. M. Patterson, S. Hunter,
and A. Ginsburg. 2010. Thar she blows! A novel
method for DNA collection from cetacean blow.
PLOS ONE 5:e12299.
Geoghegan, J. L., V. Pirotta, E. Harvey, A. Smith, J. P.
Buchmann, M. Ostrowski, J. S. Eden, R. Harcourt,
and E. C. Holmes. 2018. Virological sampling of
inaccessible wildlife with drones. Viruses 10:300.
Goebel, M., W. Perryman, J. Hinke, D. Krause, N.
Hann, S. Gardner, and D. LeRoi. 2015. A small
unmanned aerial system for estimating abundance
and size of Antarctic predators. Polar Biology
38:619–630.
Gonzalez, L. F., G. A. Montes, E. Puig, S. Johnson, K.
Mengersen, and K. J. Gaston. 2016. Unmanned aer-
ial vehicles (UAVs) and artiﬁcial intelligence revo-
lutionizing wildlife monitoring and conservation.
Sensors 16:97.
Harcourt, R., J. van der Hoop, S. Kraus, and E. Carroll.
2019. Future directions in Eubalaena spp. compara-
tive research to inform conservation. Frontiers in
Marine Science Marine Megafauna 5:1–25.
Hodgson, A., N. Kelly, and D. Peel. 2013. Unmanned
aerial vehicles (UAVs) for surveying marine fauna:
a dugong case study. PLOS ONE 8:e79556.
Hodgson, J. C., and L. P. Koh. 2016. Best practice for
minimising unmanned aerial vehicle disturbance
to wildlife in biological ﬁeld research. Current Biol-
ogy 26:R404–R405.
Hodgson, J. C., R. Mott, S. M. Baylis, T. T. Pham, S.
Wotherspoon, A. D. Kilpatrick, R. Raja Segaran, I.
Reid, A. Terauds, and L. P. Koh. 2018. Drones
count wildlife more accurately and precisely than
humans. Methods in Ecology and Evolution
9:1160–1167.
Hogg, C. J., T. L. Rogers, A. Shorter, K. Barton, P. J. O.
Miller, and D. Nowacek. 2009. Determination of
 ❖ www.esajournals.org 7 October 2019 ❖ Volume 10(10) ❖ Article e02901
EMERGING TECHNOLOGIES RAUDINO ET AL.
steroid hormones in whale blow: it is possible.
Marine Mammal Science 25:605–618.
Hunt, K. E., R. M. Rolland, and S. D. Kraus. 2014.
Detection of steroid and thyroid hormones via
immunoassay of North Atlantic right whale (Eubal-
aena glacialis) respiratory vapor. Marine Mammal
Science 30:796–809.
Ip, S. C. Y., S. Lin, and K. Lai. 2015. An evaluation of
the performance of ﬁve extraction methods: Chelex
100, QIAamp DNA Blood Mini Kit, QIAamp
DNA Investigator Kit, QIAsymphony DNA Inves-
tigator Kit and DNA IQTM. Science & Justice
55:200–208.
Karniski, C., E. M. Patterson, E. Krzyszczyk, V. For-
oughirad, M. A. Stanton, and J. Mann. 2015. A
comparison of survey and focal follow methods for
estimating individual activity budgets of cetaceans.
Marine Mammal Science 31:839–852.
Kr€utzen, M., L. M. Barre, L. M. M€oller, M. R. Heithaus,
C. Simms, and W. B. Sherwin. 2002. A biopsy sys-
tem for small cetaceans: darting success and
wound healing in Tursiops spp. Marine Mammal
Science 18:863–878.
Linchant, J., J. Lisein, J. Semeki, P. Lejeune, and C. Ver-
meulen. 2015. Are unmanned aircraft systems
(UASs) the future of wildlife monitoring? A review
of accomplishments and challenges. Mammal
Review 45:239–252.
Liu, M., P. Zhang, K. Li, M. Liu, and S. Li. 2019. Efﬁ-
ciency and effect evaluation of remote biopsy sam-
pling on Indo-Paciﬁc humpback dolphins (Sousa
chinensis) in the Northern South China Sea. Aquatic
Mammals 45:311–319.
Lucentini, L., A. Palomba, H. Lancioni, M. Natali, and
P. Fausto. 2006. A nondestructive, rapid, reliable
and inexpensive method to sample, store and extract
high-quality DNA from ﬁsh body mucus and buccal
cells. Molecular Ecology Notes 6:257–260.
McIntosh, R. R., R. Holmberg, and P. Dann. 2018.
Looking without landing—Using remote piloted
aircraft to monitor fur seal populations without
disturbance. Frontiers in Marine Science 5:1–13.
Parra, G. J., C. Azuma, A. R. Preen, P. J. Corkeron, and
H. Marsh. 2002. Distribution of Irrawaddy dol-
phins, Orcaella brevirostris, in Australian waters.
Rafﬂes Bulletin of Zoology Supplement 10:141–
154.
Parra, G. J., D. Cagnazzi, M. Jedensj€o, C. Ackermann,
C. Frere, J. Seddon, N. Nikolic, and M. Kr€utzen.
2018. Low genetic diversity, limited gene ﬂow and
widespread genetic bottleneck effects in a threat-
ened dolphin species, the Australian humpback
dolphin. Biological Conservation 220:192–200.
Patenaude, N. J., and B. N. White. 1995. Skin biopsy
sampling of beluga whale carcasses: assessment of
biopsy darting factors for minimal wounding and
effective sample retrieval. Marine Mammal Science
11:163–171.
Phillips, K., N. McCallum, and L. Welch. 2012. A com-
parison of methods for forensic DNA extraction:
Chelex-100 and the QIAGEN DNA Investigator
Kit (manual and automated). Forensic Science
International: Genetics 6:282–285.
Pirotta, V., A. Smith, M. Ostrowski, D. Russell, I. D.
Jonsen, A. Grech, and R. Harcourt. 2017. An eco-
nomical custom-built drone for assessing whale
health. Frontiers in Marine Science 4:1–12.
Qiagen. 2015. Developmental validation of the
QIAamp DNA Investigator Kit. https://www.qia
gen.com/au/resources/resourcedetail?id=1d9de4e8-
cbd4-4be7-aec2-dd9f79f038fb&lang=en
Ramos, E. A., B. Maloney, M. O. Magnasco, and D.
Reiss. 2018. Bottlenose dolphins and antillean
manatees respond to small multi-rotor unmanned
aerial systems. Frontiers in Marine Science 5:1–15.
Rosel, P. E., A. E. Dizon, and J. E. Heyning. 1994.
Genetic analysis of sympatric morphotypes of com-
mon dolphins (genus Delphinus). Marine Biology
119:159–167.
Seymour, A. C., J. Dale, M. Hammill, P. N. Halpin, and
D. W. Johnston. 2017. Automated detection and
enumeration of marine wildlife using unmanned
aircraft systems (UAS) and thermal imagery. Scien-
tiﬁc Reports 7:45127.
Thompson, L. A., T. R. Spoon, C. E. C. Goertz, R. C.
Hobbs, and T. A. Romano. 2014. Blow collection as
a non-invasive method for measuring cortisol in
the beluga (Delphinapterus leucas). PLOS ONE 9:
e114062.
Torres, L. G., S. L. Nieukirk, L. Lemos, and T. E. Chan-
dler. 2018. Drone up! Quantifying whale behavior
from a new perspective improves observational
capacity. Frontiers in Marine Science 5:1–14.
Wang, J. Y., S. K. Hung, S. C. Yang, T. A. Jefferson, and
E. R. Secchi. 2008. Population differences in the
pigmentation of Indo-Paciﬁc humpback dolphins,
Sousa chinensis, in Chinese waters. Mammalia
72:302–308.
Williams, R., D. Lusseau, and P. S. Hammond. 2006.
Estimating relative energetic costs of human dis-
turbance to killer whales (Orcinus orca). Biological
Conservation 133:301–311.
Wilson, B., P. S. Hammond, and P. M. Thompson.
1999. Estimating Size and assessing trends in a
coastal bottlenose dolphin population. Ecological
Applications 9:288–300.
 ❖ www.esajournals.org 8 October 2019 ❖ Volume 10(10) ❖ Article e02901
EMERGING TECHNOLOGIES RAUDINO ET AL.
SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2901/full
 ❖ www.esajournals.org 9 October 2019 ❖ Volume 10(10) ❖ Article e02901
EMERGING TECHNOLOGIES RAUDINO ET AL.
